Background: This study was designed to determine the minimal mean flow velocity and pressure-flow relation necessary to preserve human consciousness.
N ormal cerebral perfusion is necessary to maintain the morphological integrity of brain tissue and functional activity of cortical neurons. Graded reductions in cerebral blood flow have been shown to produce corresponding changes in neural activity, 1 indicating a threshold relation between local flow and the evoked potential amplitude. 2 Experimental changes in mean arterial blood pressure did not result in changes in cerebral blood flow except when mean arterial blood pressure was decreased to less than 70 or increased to greater than 160 mm Hg. 3 This indicates that blood pressure determines cerebral blood flow beyond limits of autoregulation. 4 - 6 The purpose of this study was to establish the flow values relative to baseline and the pressure-flow relation necessary for maintaining the integrity of brain function as determined by clinical criteria. This was accomplished by noninvasive serial measurements of cerebral blood flow velocity in humans during clinically induced syncope using the upright tilt provocation test.
Prior clinical and laboratory evaluations excluded the possibility that the cause of syncope was related to severe anemias, intravascular volume depletion, medication effects, and various neuropathies. The population consisted of 50 male and 30 female patients (mean age, 53 years; range, 13-83 years) referred to a tertiary setting for further diagnostic evaluation. Clinical history and standard clinical examination including measurement of blood pressure with patients sitting and standing were obtained. Further examinations included 12-lead electrocardiogram and, when arrhythmic cause of syncope was suspected, ambulatory electrocardiographic monitoring of 24 hours' duration and treadmill exercise. Some patients underwent electrophysiological studies when arrhythmic cause could not be ruled out based on prior test results. All patients underwent neurological examination, including electroencephalography study, if seizures were thought to be the likely cause of syncope. Brain scans were obtained for patients whose histories or physical examinations suggested focal signs or symptoms. Blood samples and biochemical analysis and urinanalysis were obtained. Chest x-ray was obtained as indicated. All gave informed consent according to institutional guidelines. Therapy with vasoactive drugs was discontinued for at least five half-lives of the drug.
Upright tilt stimulation with hemodynamic monitoring was performed similar to the method previously described. 7 After overnight fast, the patient was placed on a tilt table with footrest for weight bearing and was strapped to the table. Brachial blood pressure was measured noninvasively with an automatic sphygmoma-nometer (Dinamap, Critikon, Tampa, Fla.). Heart rate and rhythm were monitored continuously. Respiratory rate was counted, and pulse oximetry (Dinamap, Critikon) with finger probe was used for measurement of arterial oxygen saturation (Sao^). The cerebral blood flow velocity was monitored in the main stem of the right middle cerebral artery with a 2-MHz probe of a transcranial Doppler instrument (TC2-64, Eden Medical Electronic, Uberlingen, FRG) fixated by means of a headband on the temple. The time-averaged mean flow velocity was calculated by the instrument. Blood flow velocity waveforms from the spectrum analyzer were continuously documented with a video recorder. Baseline recordings were made at a steady state judged by minute-to-minute variation of heart rate of not more than three beats. Thereafter, the patient was tilted 80°u
pright. Simultaneous recording of the flow velocity signal and corresponding heart rate and blood pressure were obtained. Patients were returned to the horizontal position if they became syncopal, or after 20 minutes.
A positive test response was defined as the development of transient loss of consciousness (syncope) or severe premonitory signs and symptoms of imminent syncope (lightheadedness or blurred vision). 8 Although all parameters were serially documented, for further analysis, the resting value while patients were in supine horizontal posture immediately preceding onset of tilt and the minimal value while patients were upright were used. The minimal mean flow velocity was used to select the corresponding changes in blood pressure and heart rate, because it has been observed that upright tilt-induced mean flow velocity drop precedes or occurs simultaneously with blood pressure fall. 910 All data were stored in a microcomputer and analyzed with a statistical software package (BMDP Statistical Software, Inc., Los Angeles). The mean of the sum total of the variable (mean 2) and standard deviation (SD) were calculated. Analysis of covanance was performed to increase the precision of group comparisons, by adjusting for the effects of initial variations in age (as a covariate variable) between the groups. The main effects of factors such as gender (male or female) and clinical signs and symptoms of syncope (present or absent) on the measured parameters (mean flow velocity, systolic blood pressure, diastolic blood pressure) were determined for repeated measures at baseline and during upright tilt. Furthermore, group comparison was performed using a paired Student's / test. The level of significance was set at a value of p<0.05. Regression correlation analysis was also performed using a statistical software package (STATVIEW 512, Brain Power Inc., Calabasas, Calif.).
Results
Clinical and laboratory evaluations failed to provide any abnormal results that may explain the cause of syncope. Forty of the 80 participants were asymptomatic during the test; the other 40 had syncope (32 of 40, or 80%) or severe premonitory symptoms (eight of 40, or 20%). The male-to-female ratio among asymptomatic patients was 28 to 12, and mean age was 56± 18 years. In symptomatic patients, the male-to-female ratio was 19 to 21, and mean age was 50±22 years. All patients had a current diagnosis of syncope of unexplained cause; clinical history indicating past diagnosis is given in Table 3 for the asymptomatic and symptomatic groups. The minimum mean flow velocity and corresponding systolic and diastolic blood pressures in the asymptomatic group were chosen as the equivalent of similar recordings during symptoms. Analysis of covariance showed that there was an overall main effect of the presence or absence of syncope on measured mean flow velocity (F[l,75]=20.3, /><0.000), which influenced the response to upright tilt (F[l,76]=51.74,/?<0.000). There was a significant drop of mean flow velocity (p<0.000) during the test for both asymptomatic and symptomatic groups. The mean flow velocity in the symptomatic patients was lower than that of the asymptomatic patients (F[l,76]=295.6,p<0.000). The mean flow velocity decreased with age (regression coefficient, r=-0.16, p=0.015). There was an overall effect of gender on mean flow velocity (F[l,75] = 11.51, p=0.001), with females having higher mean flow velocities than males. However, the effect of upright tilt on mean flow velocity was the same in both males and females. Similarly, there was a main effect of the presence or absence of syncope on systolic blood pressure (F[l,75]=20.78, /?<0.000), and this influenced the response to upright tilt (F[l,76]=29.8,/7<0.000). Systolic blood pressure during the test remained unchanged in the asymptomatic group but dropped in the symptomatic group (/xO.OOO). Systolic blood pressure in the symptomatic group was lower than that in asymptomatic patients (F[l,76]=79.51,p<0.000). There was no effect on systolic blood pressure related to gender. Systolic blood pressure increased with age (r=0-5,p=0.001).
The overall effect of the presence or absence of syncope on diastolic blood pressure was significant (F[l,75]=21.73, p< 0.000), and this influenced the response to upright tilt (F[l,76]=59.12, ;?<0.000). Diastolic blood pressure during the test remained unchanged in the asymptomatic group but dropped in the symptomatic group (p<0.000). Diastolic blood pressure was lower in the symptomatic as compared with the asymptomatic group (F[l,76]=51.61,p<0.000). Gender differences had an overall effect (F[l,75]=7.73, p<0.01), with females having a lower diastolic blood pressure. However, the effect of upright tilt table test was the same for both males and females. Diastolic blood pressure increased with age (r=0.2,/?=0.007).
Among the symptomatic patients, a lesser reduction of mean flow velocity was associated with patients who experienced only premonitory symptoms as compared with syncope (-35±5% versus -64±9%, /><0.000). However, reductions in both systolic (-26 ±26% versus -39±22%) and diastolic (-20±24% versus -33+19%) blood pressures were not significantly different.
In view of the above-mentioned differences between the asymptomatic and symptomatic groups, further analysis of the pressure-flow velocity relation was carried out in both groups. In addition, systolic blood pressure was used for pressure-flow velocity regression curves, because changes in autoregulation primarily involve modification of systolic vascular pulsation. With the use of percentage changes rather than absolute values of brachial systolic blood pressure, the need to account for the hydrostatic pressure at the level of the brain relative to the heart was eliminated. Moreover, while absolute values differ considerably, 4 similar percentage variations are expected. The pressure-flow velocity relation may provide estimates of autoregulation. 6 -7 A linear regression analysis was used to examine the relation between percentage change in mean flow velocity (%MFV in x axis) and percentage change in systolic arterial blood pressure (%SBP in v axis), as shown in Figures 1 and 2 . Figure 1 shows the relation in the asymptomatic group. The regression equation was %SBP=0317 %MFV+0.966; r 2 =0.14; the test of significance was F(139)=6.196, p=0.017; and 95% lower and upper limits on the slope were 0.059 and 0375, respectively. In the symptomatic group (Figure 2 ), %SBP=0.529 %MFV-6.11; 7^=0.108; the test of significance was F(139)=4389, p=0.038; and the lower and upper 95% confidence limits on the slope were 0.029 and 1.028, respectively. Measurements of Sac>2 and respiration rate did not indicate any significant (p>0.05) changes during the test. In the asymptomatic patients, there was a significant increase in heart rate of 25% above baseline (/?<0.05). In symptomatic patients, heart rate was unchanged (p>0.05).
The main results of the present study may be summarized as follows: 1) Mean flow velocity fell on the average by -63% during clinical loss of consciousness. All patients who attained a 50% reduction in mean flow velocity had clinical syncope. 2) At the same time, reduction of systolic blood pressure by 39% and diastolic by 33% occurred.
3) The slope of the pressureflow regression curve was steeper (or closer to 1) for the symptomatic group as compared with the asymptomatic group. Interestingly enough, the 95% upper limit for the asymptomatic group was at 0.575, whereas in the symptomatic group this was at 1.028.
Discussion
In healthy subjects of comparable mean age to those studied, passive upright tilt at 80° resulted in a tendency toward reduction in mean cerebral blood flow velocity on the average by 10% (p>0.05) relative to baseline supine horizontal values. There was a gradual rise in heart rate up to 25%, with no change in mean arterial blood pressure (P.C. Njemanze, unpublished observations). In symptomatic patients, cerebral hypoperfusion and fall in blood pressure occurred without significant changes in heart rate. The appearance of true syncope in 80% of these patients as cerebral hypoperfusion reached -5 0 % of baseline flow velocity tends to suggest that the lower threshold of cerebral perfusion necessary for clinical consciousness lies close to this point. Before this point, no symptoms or premonitory symptoms occurred. This minimal mean flow velocity at which loss of consciousness ensued may be referred to as the "critical threshold of cerebral hypoperfusion." The loss of consciousness at this point seems to be independent of whether hypotension is present or absent. 910 The sensitivity of neuronal function to a particular lower threshold of blood supply may be indicative of the minimal energy metabolism level required to support the complex neurochemical processes of brain activity.
The observed responses in patients were elicited by passive changes of posture. It has been shown that active and passive changes in posture evoke a fundamentally different cardiovascular response, both in healthy subjects and in patients. 1112 It is also known that the brain stem structure is the primary site for hypotension. 13 This raises the issue of the validity of monitoring middle cerebral artery flow velocity during upright tilt as a test for postural hypotension. Recent evidence from animal studies suggests that the site for induction of postural hypotension by passive upright tilt may lie in the forebrain region, different from the primary site for induction of hypotension (brain stem).
14 The close correlation of the drop in mean flow velocity in the middle cerebral artery during upright tilt testing with clinical unconsciousness and hypotension tends to support the notion that this vascular territory is implicated. Similar studies using transcranial Doppler monitoring of middle cerebral artery flow velocity have been used to demonstrate the effect of postural reflexes on cerebral perfusion.
1516 However, it is not known if there are variations in responses in different vascular territories, because other vessels such as the basilar artery were not monitored.
In symptomatic patients, the absence of pressor and tachycardiac responses normally elicited by upright tilt provocation tends to suggest that inhibition of sympathetic nervous activity may play a role in the mechanism of observed cerebral hypoperfusion and hypotension. Moreover, it has been shown that mean cerebral blood flow velocity dropped, with concurrent hypotension in patients with progressive autonomic failure. 16 Although it is not clear from the clinical history of these patients (Table 1) which factors may cause sympathetic hypoactivity, it may be suggested that there is yet an unknown clinical predisposition to this condition. On the other hand, it has been suggested that in some patients, sympathetic hyperactivity may modulate cerebral hypoperfusion without hypotension, 9 even in the absence of cardiopulmonary reflexes. 10 A better indication of the role of the sympathetic nervous system in syncope patients may be shown in future studies with sympathetic nerve activity recordings.
In conclusion, the present study demonstrated that the critical lower limit of cerebral perfusion lies at or close to 50% below baseline supine (horizontal) mean flow velocity. At this level of cerebral hypoperfusion, unconsciousness ensues. The pressure-flow relation may be altered with loss of consciousness, probably indicating impaired autoregulation.
